Differential scanning calorimetry, thermogravimetric-differential thermal analysis, and X-ray diffraction measurements were performed on single crystals of L(+)-tartaric, D(-)-tartaric, and monohydrate racemic (MDL-) tartaric acid. The exact crystal structures of the three acids, including the positions of all hydrogen atoms, were determined at room temperature. It was pointed out that one of O-H-O hydrogen bonds in MDL-tartaric acid has an asymmetric double-minimum potential well along the coordinate of proton motion. The weight losses due to thermal decomposition of L-and D-tartaric acid were observed to occur at 443.0 and 443.2 K, respectively, and at 306.1 and 480.6 K for MDL-tartaric acid. The weight losses for L-and D-tartaric acid during decomposition were probably caused by the evolution of 3H 2 O and 3CO gases. By considering proton transfer between two possible sites in the hydrogen bond, we concluded that the weight losses at 306.1 and 480.6 K for MDL-tartaric acid were caused by the evaporation of half the bound water molecules in the sample, and by the evaporation of the remaining water molecules and the evolution of 3H 2 O and 3CO gases, respectively.
Introduction
Tartaric acid (chemical formula: C 4 H 6 O 6 ; systematic name: 2,3-dihydroxybutanedioic acid) is found in grapes, currants, gooseberries, oranges, apples, and in most acidulous fruits, and is widely used in food, medicine, chemistry, light industry, etc. Many tartrate compounds are formed by the reaction of tartaric acid with various positive ions and are used in numerous industrial applications for transducers and in linear and non-linear mechanical devices due to their excellent dielectric, ferroelectric, piezoelectric, and nonlinear optical properties (Abdel-Kader et al., 1991; Desai & Patel, 1988; Firdous et al., 2010; Torres et al., 2002) . Several types of tartaric acid crystals, such as potassium hydrogen tartrate, KC 4 H 5 O 6 , and calcium tartrate, CaC 4 H 4 O 6 , develop naturally in bottled wine and are the major cause of wine's natural and harmless sediment (Boese & Heinemann, 1993; Buschmann & Luger, 1985; Derewenda, 2008; Hawthorne et al., 1982) . The sediment of tartrate crystals is a by-product of the wine industry and has to be removed from the wine after yeast fermentation of the grape juice.
Tartaric acid has two asymmetric carbon atoms in a molecule, which provides for four possible different forms: L(+)-tartaric, D(-)-tartaric, racemic (DL-) tartaric, and meso-tartaric acid (Bootsma & Schoone, 1967; Derewenda, 2008; Nie et al., 2001; Okaya et al., 1966; Parry, 1951; Song et al., 2006; Stern & Beevers, 1950) . The most common form in nature is L-tartaric acid; meso-tartaric acid is human-made and does not occur in nature. Solutions of L-and D-tartaric acid rotate the plane of polarized light to the left and to the right, respectively, whereas of DL-and meso-tartaric acid show no rotation of plane-polarized light. These properties of optically active molecules derived from tartaric acid were discovered by Biot (Lowry, 1923) . Louis Pasteur first separated the two enantiomers of sodium ammonium tartrate by utilizing the asymmetric habit of their crystals (Gal, 2008 (Gal, , 2013 Pasteur, 1848; Tobe, 2003) . He also discovered the change in optical rotation induced by the different structures of the enantiomers in water solution. The discovery of enantiomers has played an important role in advancing the scientific understanding of molecular chirality.
The only effective method of establishing the absolute configuration of molecules, by assessing the anomalous scattering in an X-ray diffraction experiment, was proposed by Bijvoet et al. (1951) . Thereafter, the absolute crystal structures of L-and D-tartaric acid were determined to be monoclinic with space group P2 1 by Stern and Beevers (1950) , and by Okaya et al. (1966) , respectively. However, the exact crystal structure of L-tartaric acid, including the positions of all hydrogen atoms, has not yet been determined. As reported in recently published papers, the crystal structures of monohydrate D-tartaric and monohydrate racemic (MDL-) tartaric acid were determined by means of single-crystal X-ray diffraction (Nie et al., 2001; Song et al., 2006) . However, the positions of all hydrogen atoms in MDL-tartaric acid have not been refined (Nie et al., 2001 ). These structures are very different from those of anhydrate L-and D-tartaric acid described in previous papers (Okaya et al., 1966; Stern & Beevers, 1950) .
The purpose of this study is to determine the exact crystal structures of L(+)-tartaric, D(-)-tartaric, and MDL-tartaric acid, including the positions of all hydrogen atoms, at room temperature using X-ray diffraction measurements and to report the thermal properties of these acid crystals by differential scanning calorimetry (DSC) and thermogravimetric-differential thermal analysis (TG-DTA) measurements.
Experimental

Crystal Growth
Single crystals of L(+)-tartaric and D(-)-tartaric acid were grown at room temperature by slow evaporation from aqueous solutions in a desiccator over P 2 O 5 . DL-tartaric acid crystals were also grown by the same method in air under ambient conditions at room temperature. The solution used for DL-tartaric acid crystals was prepared from a solution of L-tartaric acid sealed in an autoclave and maintained at 448 K for 48 hours. Some of the acid in the sealed solution was converted to D-tartaric acid. The DL-tartaric acid, which consists of 50% L-tartaric and 50% D-tartaric acid, has a lower solubility in water than L-and D-tartaric acid. Thus, the growth of DL-tartaric acid crystals from the solution was more rapid than that of L-or D-tartaric acid crystals.
X-ray Crystal Structure Determination
The X-ray diffraction measurements were carried out using a Rigaku Saturn CCD X-ray diffractometer with graphite-monochromated Mo K α radiation (λ = 0.71073 Å). The diffraction data were collected at 299 K using an ω scan mode with a crystal-to-detector distance of 40 mm, and processed using the CrystalClear software package. The samples used were spherical with diameters of 0.32-0.38 mm. The intensity data were corrected for Lorentz polarization and absorption effects. The crystal structures were solved with direct methods using the SIR2011 program and refined on F 2 by full-matrix least-squares methods using the SHELXL-2013 program in the WinGX package (Burla et al., 2012; Farrugia, 2012; Sheldrick, 2015) .
Thermal Measurements
DSC and TG-DTA measurements were respectively carried out in the temperature ranges of 105-380 K and 300-760 K, using DSC7020 and TG-DTA7300 systems from Seiko Instruments Inc. Aluminum open pans with no pan cover were used as the measuring vessels and reference pans for the DSC and TG-DTA measurements. Fine powder samples prepared from crushed single crystals were used for the measurements. The sample amount varied between 3.22 and 7.04 mg, and the heating rates were 5 or 10 K min -1 under a dry nitrogen gas flow.
Results and Discussion
Crystal Structures
The crystal structures of L(+)-tartaric, D(-)-tartaric, and DL-tartaric acid were determined at room temperature by X-ray diffraction. The lattice parameters calculated from all observed reflections for L-and D-tartaric acid indicated that both crystals belong to a monoclinic system. The systematic extinctions in the observed reflections revealed that the possible space group of both acids is P2 1 or P2 1 /m. Furthermore, the intensity statistics of the reflections strongly indicated that the crystals belong to an acentric point group. Thus, the space groups of L-and D-tartaric acid were determined to be monoclinic P2 1 . The lattice parameters calculated from all observed reflections for DL-tartaric acid indicated that the crystal belongs to a triclinic system. The intensity statistics strongly revealed that the crystal belongs to a centric point group. Thus, the space group of DL-tartaric acid was determined to be triclinic P1
The atomic coordinates and thermal parameters for these acid crystals, including the positions of all hydrogen atoms, were determined at room temperature. The observed crystal of DL-tartaric acid in this work was confirmed to be monohydrate racemic (MDL-) tartaric acid, C 4 H 6 O 6 ·H 2 O. Final R-factors of 2.80%, 2.82%, and 4.73% for L-tartaric, D-tartaric, and MDL-tartaric acid, respectively, were calculated for 2619, 2703, and 3162 unique observed reflections. The relevant crystal data, as well as a summary of the intensity data collection, and structure refinement parameters are given in Table 1 . The positional parameters in fractions of a unit cell, and the thermal parameters are listed in Table 2 . Selected bond lengths (in Å) and angles (in degrees) are given in Table 3 . The hydrogen-bond geometry (in Å and degrees) is presented in Table 4 . The observed structures of L-and D-tartaric acid, including the positions of all hydrogen atoms, are almost the same as that of D-tartaric acid described by Okaya et al. (1966) . The observed structure of D-tartaric acid is very different from that of monohydrate D-tartaric acid crystal (orthorhombic P2 1 2 1 2 1 ) reported by Song et al. (2006) . Although analyses of their structure indicate that an additional water molecule is present in D-tartaric acid, the water molecule is not present in the structure of D-tartaric acid used in this study and in the previous paper (Okaya et al., 1966) . The single crystals of D-tartaric acid reported by Song et al. (2006) were grown by the slow cooling method by reducing the temperature from 343 K. The sample crystals used in this study were grown by the slow evaporation method at room temperature. Therefore, it is considered that the difference in water molecules between the D-tartaric acid crystals is caused by the difference in crystal growth conditions. -13 < h < 13 -13 < k < 13 -8 < l < 8 -1 0 < h < 10 -10 < k < 10 -13 < l < 13 -1 0 < h < 10 -10 < k < 10 -15 < (2) 142 (4) 302 (5) 217 (4) 6 (3) 47 ( (2) 133 (3) 239 (4) 179 (4) 1 (3) 41 (3) 0(3) C (3) 0.2941(1) 0.6928(2) 0.2824 (2) 145 (3) 230 (4) 221 (4 (2) 142 (3) 307 (5) 213 (4) (2) 167 (3) 460 (5) 446 (5) 157 (4) 114 (3) 87 (3) O(2) 0.5215(1) 0.5905(2) 0.1502 (2) 280 (4) 434 (5) 519 (6) 171 (5) 189 (4 
The crystal structures of L-and D-tartaric acid are related by mirror symmetry, as shown in Fig. 1 . The intramolecular bond lengths and angles in the C 4 H 6 O 6 molecule, and the hydrogen bond lengths and angles between adjacent C 4 H 6 O 6 molecules, for L-tartaric acid are almost the same as those for D-tartaric acid, respectively, as shown in Tables 3 and 4 Table 4 . However, the value of the angle is widely different from those of L-and D-tartaric acid [56.33(5)° and 56.34(5)°, respectively], and the torsion in the molecule of MDL-tartaric acid is larger than those of L-and D-tartaric acid. When the single crystals of MDL-tartaric acid were kept under low humidity, the crystal surface exhibited chalky white opacities. It is considered that the white opacities on the crystal surface are caused by the breaking of hydrogen bonds, followed by water evaporation from the crystal surface. Figure 2. Projection of the crystal structure of MDL-tartaric acid along the a-axis at room temperature with 50% probability-displacement thermal ellipsoids. The dashed short lines show O-H···O hydrogen bonds, as shown in Table 4 . Figure 3 shows the DSC curve of MDL-tartaric acid upon heating in the temperature range from 105 to 380 K. The weight of the sample (powder) used for the measurement was 4.36 mg, and the heating rate was 5 K min -1 under a dry nitrogen gas flow of 40 ml min -1 . A large endothermic peak is clearly seen in the DSC curve at 321.2 K, with an onset temperature of 306.1 K. The transition enthalpy, ΔH, and transition entropy, ΔS, associated with the large peak were determined to be 47.6 kJ mol -1 and 18.7R, respectively, where R is the gas constant (8.314 JK -1 mol -1
Thermal Analyses
). Moreover, no significant endothermic or exothermic peaks were observed in the DSC curves of L-and D-tartaric acid in the temperature range of 105-380 K. Generally, it is believed that a clear peak in the DSC curve is attributed to a change of exchange energy at phase transition. Thus, these results indicate that the transition of MDL-tartaric acid takes place at 306.1 K, and there is no phase transition of L-and D-tartaric acid in the temperature range between 105 and 380 K. Table 5 shows the peak temperature, onset temperature (transition temperature), ΔH, and ΔS obtained from the DSC curve. Owing to the presence of structurally bound water molecules in MDL-tartaric acid mentioned above, it is expected that the large endothermic peak at 321.2 K is caused by the evaporation of the water. Furthermore, a very small endothermic peak is seen in the DSC curve at 272 K, as shown in Fig. 3 . We confirmed that a small endothermic peak (~0.5 mW) is observed at 260 K in the DSC curve, representing the solution (weight of 0.73 mg) of MDL-tartaric acid used for the growth medium. Thus, the small peak observed at 272 K in MDL-tartaric acid is considered to be derived from aqueous-solution infiltration into the sample crystal. Figure 4 shows the TG, differential TG (DTG), and DTA curves for L-tartaric, D-tartaric, and MDL-tartaric acid crystals in the temperature range of 300-760 K. The weights of the samples (powder) of L-tartaric, D-tartaric, and MDL-tartaric acid used for the measurements were 6.60, 5.82, and 6.51 mg, respectively, and the heating rates were 10 K min -1 under a dry nitrogen gas flow of 300 ml min -1 . The DTA curve for L-tartaric acid exhibited one large endothermic peak at 444.2 K and two rather small endothermic peaks at 496.9 and 532.1 K. The D-tartaric acid crystal also showed one large and two small endothermic peaks at 444.6, 495.5, and 529.4 K. Moreover, peaks in the DTG curve of L-tartaric acid were seen at 444.3, 493.2, and 531.0 K, and those of D-tartaric acid were seen at 444.5, 496.5, and 528.7 K. The onset temperatures of the large endothermic peaks in the DTA curves of L-and D-tartaric acid were determined to be 443.0 and 443.2 K, respectively. The endothermic peaks in the DTA curve of both acids correspond to the peaks in the DTG curve, respectively. The DTG curve, which is the first derivative of the TG curve, reveals the temperature dependence of the rate of weight loss. Therefore, the endothermic peaks on the DTA curve are associated with the rate of weight loss on the TG curve due to thermal decomposition of the sample. Figure 3 . DSC curve for MDL-tartaric acid crystal on heating. The sample weight (powder) was 4.36 mg, and the heating rate was 5 K min -1 under a dry N 2 gas flow of 40 ml min -1 . The DTA curve of MDL-tartaric acid exhibited two large endothermic peaks at 324.2 and 483.8 K and two small endothermic peaks at 511.7 and 526.1 K. The DTG curve of MDL-tartaric acid has peaks at 322.8, 483.7, 513.3, and 525.5 K, and these DTG peaks correspond to the respective DTA peaks. The observed DTA peak at 324.2 K corresponds to the above-mentioned DSC peak at 321.2 K. The slight difference of 3 K between the peak temperatures is probably caused by differences in heating rate (5 or 10 K min -1 ) and start temperature (105 or 300 K) for the measurements. The onset temperatures of the two large endothermic peaks at 324.2 and 483.8 K were determined to be 313.1 and 480.6 K, respectively. The peak at 324.2 K was not observed in the DSC and DTA curves of L-and D-tartaric acid. The start temperature of the weight loss (onset temperature of 480.6 K) in the TG curve of MDL-tartaric acid is www.ccsenet.org/ijc International Journal of Chemistry Vol. 8, No. 2; 2016 higher than those of L-and D-tartaric acid (443.0 or 443.2 K, respectively), as shown in Fig. 4 and , and (c) curves were 6.60, 5.82, and 6.51 mg, respectively. The heating rates were 10 K min -1 under a dry N 2 gas flow of 300 ml min -1 .
The weight losses of L-and D-tartaric acid around 440 K were determined to be 94.4% and 94.9%, respectively, from the TG curves in the temperature range of 425-575 K, as shown in Fig. 4 . We assume that the weight loss is caused by The weight loss around 320 K of MDL-tartaric acid was determined to be 6.4% from the TG curve, and it was also determined to be 89.0% around 480 K in the temperature range of 475-575 K. As mentioned above, it is expected that the endothermic peak at 324.2 K is caused by the evaporation of bond water molecules from the sample (which is the chemical formula of . These values calculated are very close to the experimental weight losses of 6.4% and 89.0%, respectively. One of four carbon atoms in MDL-tartaric acid at high temperature remains in the sample pan, as similar to those in L-and D-tartaric acid by decomposition. After the measurement for MDL-tartaric acid, the inside of the sample pan was confirmed to change from silver to black in color too.
Relation between Water Evaporation and Hydrogen-bonding Properties
As mentioned above, at room temperature, the O(7) atom in the bound H 2 O molecule of MDL-tartaric acid forms two hydrogen bonds of O(7)-H(7)···O(6) and O(7)-H(8)···O(3) with the C 4 H 6 O 6 molecule, as shown in Table 4 and Fig. 2 . The lengths of these hydrogen bonds are 2.823(1) and 2.899(1) Å, respectively, and the H atom involved in the bonds is attached to the O(7) atom. Moreover, the O(5) atom in the C 4 H 6 O 6 molecule forms the O(5)-H(4)···O (7) hydrogen bond with the O(7) atom in the H 2 O molecule. The hydrogen bond length is 2.524(1) Å, and is significantly shorter than those of O(7)-H(7)···O(6) and O(7)-H(8)···O(3). It is known that the O-H-O hydrogen bond has a double-minimum potential well along the coordinate of proton motion when the O···O distance in a hydrogen bond is in the range of 2.43-2.65 Å (Fukami et al., 2010 (Fukami et al., , 2014 Ichikawa, 2000) . In fact, the distance of the O(5)···O (7) bond is within the range of 2.43-2.65 Å. Moreover, a difference electron density peak of 0.12 eÅ -3 at the final stage of refinement was found close to the O(7) atom on the hydrogen bond, and the peak position was observed at the distance of 0.79 Å from the O(7) atom. The H(4) atom involved in the O(5)-H(4)···O(7) hydrogen bond is attached to the O(5) atom. These findings indicate that the O(5)-H(4)···O(7) hydrogen bond has an asymmetric double-minimum potential well along the O···O bond.
Here, it is expected that the rate of proton transfer between two possible sites on the O(5)-H(4)-O(7) hydrogen bond increases with increasing temperature. When the H(4) atom in the hydrogen bond is located at the O(7) site, the H atom is attached to the O(7) atom. Then, one of hydrogen atoms (H(7) or H(8)) in the H 2 O molecule is removed from the O(7) atom due to the so-called "ice rules". The H 2 O molecule forms the shorter O(7)-H(4)···O(5) hydrogen bond between the H 2 O and C 4 H 6 O 6 molecules by the exchange of hydrogen partners. Since the hydrogen-bonding strength is mainly influenced by O···O distance of the bond, the hydrogen bond strength between the H 2 O and C 4 H 6 O 6 molecules is increased by the exchange of the hydrogen bonds. As the result, the evaporation of H 2 O molecules will certainly be reduced by increasing the bonding strength. The evolution of the weight loss corresponding to 50% bound water molecules due to the evaporation around 320 K mentioned above, indicates that the exchange of the hydrogen bonds in one-half of water molecules takes place at the temperature, and that is, the relative occupancies of the two sites for the H(4) atom are estimated to be ~0.5. The occupancy of ~0.5 at each site means that the double-minimum potential well of the O(5)-H(4)-O(7) hydrogen bond is changed from asymmetric to symmetric with increasing temperature. It is concluded that the difference between the evaporation temperatures of 306.1 and 480.6 K for bound water molecules is caused by the physical properties of the O(5)-H(4)···O(7) hydrogen bond.
Conclusion
Single crystals of L(+)-tartaric, D(−)-tartaric, and racemic tartaric acid were grown at room temperature by slow evaporation from aqueous solutions. The exact room-temperature crystal structures of L-tartaric, D-tartaric and racemic tartaric acid, including the positions of all hydrogen atoms, respectively, were determined to be monoclinic with space group P2 1 , monoclinic with space group P2 1 , and triclinic with space group P1 _ , by means of single-crystal X-ray diffraction. The observed structures of L-and D-tartaric acid were almost exactly the same as each other, and very www.ccsenet.org/ijc International Journal of Chemistry Vol. 8, No. 2; 2016 20 similar to those reported in the previous papers (Okaya et al., 1966; Stern & Beevers, 1950) . The grown single crystals of racemic tartaric acid in this study were monohydrate racemic (MDL-) tartaric acid, C 4 H 6 O 6 ·H 2 O, and very similar to that reported in the previous paper (Nie et al, 2001 ). Moreover, one of the O-H-O hydrogen bonds in the acid was 2.524(1) Å in length, and was suggested to have the asymmetric double-minimum potential well along the coordinate of proton motion at room temperature.
The weight losses due to thermal decomposition of L-and D-tartaric acid occurred at 443.0 and 443.2 K, respectively, and those in MDL-tartaric acid occurred at 306.1 and 480.6 K. The weight losses for L-and D-tartaric acid were caused by the evolution of 3H 2 O and 3CO gases due to decomposition, and the losses at 306.1 and 480.6 K for MDL-tartaric acid were caused by the evaporation of one-half bound water molecules and by the remaining water molecules and the evolution of 3H 2 O and 3CO gases, respectively. The weight losses of MDL-tartaric acid are related to the physical properties of the O-H-O hydrogen bond having the proton transfer between two possible sites in the double-minimum potential well along the O···O bond, and one of four carbon atoms in the C 4 H 6 O 6 molecule of these acids remains in the sample pans upon heating to 575 K for the decomposition reactions.
